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BACKGROUND OF THE INVENTION
Concern over the possible depletion of fossil fuel energy sources has generated intense interest in recent years in the search for and development of alternative energy sources. Contemplated alternative energy sources include solar energy utilized as electricity either directly through photovoltaic devices or indirectly through thermal devices. The latter has not received as much attention as the former which will, as presently contemplated, use semiconductor devices. These de vices are presently relatively expensive power sources, compared to fossil fuel devices, because the devices collect light generally in proportion to the area of the photosensitive junction which must be large to generate useful photocurrents. The cost of manufacturing such devices depends mainly upon the area of the photosensi tive junction and is presently too high to permit success ful commercial exploitation in other than specialized applications.
Considerable effort has therefore been expended in attempting to find ways to reduce the cost of solar energy obtained from semiconductor devices. One ap proach that has generated much interest and enthusiasm recently is a liquid-semiconductor solar cell in which the active part of the cell is a junction formed at a liq uid-solid interface. The characteristics of this type of cell are discussed by Gerischer in The Journal of Elec troanalytical Chemistry and Interfacial Electrochemistry 58, 263 (1975) . The junctions in these devices promise to be less costly to manufacture than are the junctions in devices in which the junction is formed between two solids as relatively costly epitaxy or diffusion proce dures are not required to form the junction which forms spontaneously in these devices at the semiconductor liquid interface. promising materials is GaAs. GaAs has a bandgap of 50 about 1.4 ev and, since a bandgap of approximately this magnitude theoretically will give the most efficient photovoltaic conversion of solar power into electricity, a high efficiency cell using this material would be ex tremely desirable from a commercial point of view. Operation of semiconductor liquid junction photo cells using GaAs electrodes and producing stable pho tocurrent output over an extended time period has been reported in Science 196 1097 Science 196 (1977 . The cells reported We have discovered that the efficiency of semicon ductor liquid junction photocells containing an n-type electrode comprising gallium arsenide may be im proved by modifying the surface of the electrode in contact with the electrolyte. Using a redox couple com prising selenide/polyselenide anions, both the fill factor and the open circuit voltage are increased over previ ously reported values by including material, such a ruthenium, cobalt, lead or rhodium, on the electrode surface. The amount of material present is within the range extending from the equivalent of a tenth of a monolayer to several monolayers. The material alters surface states which reduce the photovoltages and/or lower the fill factors. In a preferred embodiment, the material is ruthenium and the amount of material pres ent is within the range extending from 0.01 ugm/cm2 to 1.0 ugm/cm2. When the electrode is in a suitable electrolyte, typi cally aqueous, and illuminated, holes migrate to the surface of the n-type GaAs and cause its oxidative disso lution by the reaction 6ht --GaAs-Ga(III)--As(III). If this is the only reaction, the material photoetches. The photoetching reaction can be suppressed if a com peting reaction can be found that will scavenge holes and compete directly with the photoetching reaction although it may be unable to completely suppress pho toetching. A redox couple consisting of selenide anions has been found to suppress photoetching in GaAs cells sufficiently that usable cells can be made. The selenium accepts charge through the reaction 2Se=-|-2h+-4,182,796 3 ->Se-2 at the photoactive electrode. The reaction at the nonphotoactive electrode is Se2+2e-2Se-and there is no net chemical change in the cell. Suitable redox couple concentrations in aqueous solutions range from a maximum represented by a saturated solution to a mini mum of approximately 0.1 M which represents the mini mum concentration needed to consume sufficient holes, when the electrode is illuminated by sunlight, to pre vent unduly rapid photoetching. Other than aqueous electrolytes may also be used but since they generally have a lesser electrical conductivity, cell efficiency is reduced at the relatively high currents produced when the cell is illuminated by sunlight. For high redox cou ple concentrations, light absorption in the electrolyte can be compensated for by making the liquid layer thin.
Diselenide ion and polyselenide ions may be formed in the solution by a conventional technique such as passing H2Se into a basic solution, e.g., an aqueous solution of KOH, and permitting air to oxidize some of the Se-to Se-2 or by directly dissolving elemental Se. Other bases such as NaOH and NH4OH may also be used.
The photoactive electrode comprises n-type GaAs. Small amounts of other substances, such as Al, may be present in the electrode. If single crystal, it may be grown by any of the well-known crystal growth tech niques. Typical carrier concentrations are between 1015/cm3 and 2x 1017/cm3. Modification of the electrode surface which contacts the liquid has been found crucial to increased cell effi ciency. Surface modified electrodes prepared by the following methods and having the described character istics have been found to yield photocells with greatly enhanced performance characteristics.
A layer of materials which alters surface states ini tially within the bandgap of the GaAs and increases the photovoltage and the fill factor and reduces recombina tion is formed on the electrode surface. The material is present in an amount within the range extending from a tenth of a monolayer to five monolayers. The precise form of the material is not known with certainty but is believed to be a compound of the material. Material comprising at least one member selected from the group consisting of lead, rhodium, cobalt and ruthenium has been found to be effective.
Material consisting essentially of ruthenium has been found to be especially effective. Useful amounts of ru thenium range from approximately one-tenth of a non olayer to several monolayers or amounts between 0.01 ugm/cm2 and 1.0 ugm/cm2. The preferred range is between 0.01 ugm/cm2 and 0.1 ugm/cm2. While lesser amounts of ruthenium might still improve cell effi ciency somewhat, the number of surface states changed is not maximized. Above 1.0 ugm/cm2, layer develop ment begins to modify light absorption by the semicon ductor.
The precise form of the ruthenium on the electrode surface is not known with certainty. It is possible that the form in which the ruthenium is initially incorpo rated is altered by surface reactions in the selenide solu The ruthenium layer may also be formed by adding small amounts of ruthenium to the cell electrolyte. Typ ical amounts range from 10-6 to 10-5M when added as RuCl3.H2O. When the ruthenium is added in this man ner, the improved cell performance manifests itself more slowly, typically taking several hours to approach the performance obtained by the first method described.
Lead, cobalt and rhodium layers on the electrode surface are formed by methods similar to those de scribed for ruthenium but the resulting beneficial effects are not as great as they are for ruthenium.
Solutions of noble metals, such as Pd and Pt, deposit layers of the metals on the surface of the GaAs elec trode. These layers produce a severe and permanent decline in cell voltage and current. This is expected if multiple surface states are added within the forbidden gap and the surface becomes too metallic.
Cell performance has been found to be still further improved if the electrode surface is further modified by increasing its surface area. An expedient method is tex turizing, as by etching, prior to formation of the layer of material. The texturizing procedure has been found crucial for optimizing the short circuit current. An expedient texturizing process will be described briefly. The GaAs electrode is etched repeatedly in a 1:1 solution of 30 percent H2O2 and an acid, for exam ple, sulphuric, nitric or phosphoric, for several seconds at a time at a temperature of approximately 25 degrees C. The electrode is rinsed upon each withdrawal with deionized water until a shiny surface is obtained. The electrode is then etched in the same solution for ten to thirty seconds without etchant convection until the surface turns to a matte black. This is most easily done by dipping the electrode in the etchant, removing, visu ally observing the transformation of the electrode sur face, and then rinsing.
The texturizing process controls the gross topogra phy of the electrode surface and increases the ratio of absorbed to reflected light. The texturizing process produces hillocks, having dimensions comparable to the wavelength of the incident light, in the electrode sur face. The hillocks result in higher absorption of the incident light.
The performance of a cell having an etched electrode with a layer of ruthenium is shown in F.G. 2. The elec trode was an n-type GaAs single crystal having a car rier concentration of approximately 5x 1015/cm3. The measuring techniques used were standard techniques such as those described in Journal of the Electrochemical Society 124, 697 (1977) . The surface was texturized with the described etching process. The electrode surface then had a layer of ruthenium formed by dipping the electrode for thirty seconds in 0.01 M. Rucl3 in HNO3.
The total selenium concentration in the cell was approx 4,182,796 5 imately 1 M and the KOH concentration was the same. On a clear day in May in Murray Hill, N.J., with the sun approximately 30 degrees from the zenith, and without an antireflection coating, the cell delivered 10.6-1.0 mw/cm2, an efficiency of 10.9 percent. Typical fill factors ranged from 0.66 to 0.76.
A second cell having a GaAs electrode prepared as described in the previous paragraph but with a carrier concentration of approximately 6x1016/cm3 was illu minated under conditions similar to those described in the previous paragraph. At 95 mw/cm2 insolation, the cell delivered 11.4 mw/cm2 for an efficiency of 12.0 percent.
What is claimed is: 1. A photocell containing an n-type electrode, said n-type electrode comprising gallium arsenide, and a liquid electrolyte containing a redox couple comprising selenide anions, said n-type electrode having a surface material selected from the group consisting of Ru, Co, and Rh, said material being present in an amount greater than one-tenth of a monolayer and less than five mono layers, said material altering surface states initially within the bandgap of said gallium arsenide and reduc ing recombination.
2. A photocell as recited in claim 1 in which said material consists essentially of Ru, said material being present in an amount greater than 0.01 ugm/cm2 and less than than 1.0 ugm/cm2. 3. A photocell as recited in claim 2 in which said surface density is less than 0.1 pugm/cm2. 4 . A photocell as recited in claim 1 or 2 in which said surface further comprises a texturized surface, said ma terial being present on said texturized surface. k k it is st
